Abstract. Immunoglobulin heavy chain-binding protein (BiP) is a member of the hsp70 family of chaperones and one of the most abundant proteins in the ER lumen. It is known to interact transiently with many nascent proteins as they enter the ER and more stably with protein subunits produced in stoichiometric excess or with mutant proteins. However, there also exists a large number of secretory pathway proteins that do not apparently interact with BiP. To begin to understand what controls the likelihood that a nascent protein entering the ER will associate with BiP, we have examined the in vivo folding of a murine I immunoglobulin (Ig) light chain (LC). This LC is composed of two Ig domains that can fold independent of the other and that each possess multiple potential BiP-binding sequences. To detect BiP binding to the LC during folding, we used BiP ATPase mutants, which bind irreversibly to proteins, as "kinetic traps." Although both the wild-type and mutant BiP clearly associated with the unoxidized variable region domain, we were unable to detect binding of either BiP protein to the constant region domain. A combination of in vivo and in vitro folding studies revealed that the constant domain folds rapidly and stably even in the absence of an intradomain disulfide bond. Thus, the simple presence of a BiP-binding site on a nascent chain does not ensure that BiP will bind and play a role in its folding. Instead, it appears that the rate and stability of protein folding determines whether or not a particular site is recognized, with BiP preferentially binding to proteins that fold slowly or somewhat unstably.
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Key words: BiP • endoplasmic reticulum • chaperone • protein folding P ROTEINS that traverse the mammalian secretory pathway are translated on polyribosomes attached to the endoplasmic reticulum (ER) membrane (Walter and Johnson, 1994) . This allows cotranslational translocation of the nascent chain into the ER as an extended or unfolded polypeptide. Upon entering the lumen of the ER, the nascent protein encounters a variety of molecular chaperones and folding enzymes and begins to fold, in some cases, even before translation is complete (Hammond et al., 1994) . One of the molecular chaperones encountered by newly synthesized polypeptides is BiP/ GRP78, the ER cognate of the hsp70 family (Haas, 1991; Gething and Sambrook, 1992) . In yeast, immunoglobulin heavy chain-binding protein (BiP) 1 is required for translocation and may act to pull the nascent chain into the ER through cycles of binding and release (Vogel et al., 1990) . Mammalian BiP is present at the translocon where it serves to maintain the permeability barrier of the ER during the early stages of targeting nascent chains into the translocon (Hamman et al., 1998) . However, there is no clear evidence that mammalian BiP plays a direct role in pulling proteins into the ER, and this point remains unresolved (Gorlich and Rapoport, 1993; Nicchitta and Blobel, 1993) .
BiP, like all hsp70 family members, binds to unfolded nascent polypeptides (Landry et al., 1992; Simons et al., 1995; Hendershot et al., 1996) , although exactly what BiP recognizes on a newly synthesized protein and how this binding contributes to protein folding in not clearly understood. Several in vitro (Munro and Pelham, 1986; Hendrick and Hartl, 1993; Palleros et al., 1993) and in vivo Simons et al., 1995) studies demonstrated that hsp70 release and polypeptide folding are dependent on ATP binding to hsp70. In vitro peptidebinding studies revealed that BiP recognizes heptapeptides and prefers those with aliphatic residues (Flynn et al., 1991) . Flynn et al. (1991) speculated that sequences of this type would appear approximately every 16 residues in the average globular protein. A somewhat similar recognition motif was identified when purified BiP was used to affinity pan a library of peptides displayed on bacteriophages (Blond-Elguindi et al., 1993) . Further analysis of these peptides revealed that the aliphatic residues were preferred only for alternating residues, suggesting that if a protein containing this sequence was extended, the hydrophobic residues would all face the same direction and perhaps fit in to the BiP polypeptide-binding pocket (BlondElguindi et al., 1993) . Although sequences of this type can indeed be found in most proteins entering the ER, it appears that some secretory pathway proteins do not normally bind to BiP (Hurtley et al., 1989; Graham et al., 1990; Morris et al., 1997) . This is perplexing if these proteins are entering the ER in an extended conformation and BiP, which is present at the translocon at least initially (Hamman et al., 1998) , "scans" nascent chains as they enter the ER. It is possible that for some proteins BiP binding is very transient and limited to chains that are not fully translated, or conversely that the presence of a potential BiP-binding sequence does not in itself dictate whether BiP will bind.
The algorithm generated by phage display analysis to identify BiP binding sites (Blond-Elguindi et al., 1993) has been applied to immunoglobulin (Ig) domain sequences (Knarr et al., 1995) . As predicted by Flynn et al. (1991) , multiple "BiP-binding sites" were identified in both the variable and constant region domains of the heavy and light chains subjected to this analysis. Peptides corresponding to these sequences were generated and shown to stimulate the ATPase activity of BiP (Knarr et al., 1995) , which is presumed to be an indication of their binding to the protein-binding domain of BiP. It is unclear which, if any, of these sites are used in vivo and how BiP binding to various "hydrophobic sequences" might be regulated during translocation and folding.
Ig heavy and light chains are comprised of a series of tandemly aligned Ig domains (four or five and two, respectively) that can fold independent of each other in vitro (Goto et al., 1979; Goto and Hamaguchi, 1982) into a compact structure composed of two twisted ␤ sheets stabilized by a single disulfide bond (Amzel and Poljak, 1979) . Ig LCs bind transiently to BiP and can be secreted without heavy chains, making them a relatively simple protein for in vivo folding analyses. In a recent study, we coexpressed murine light chain (LC) in COS cells together with either wild-type hamster BiP or BiP ATPase mutants that bind substrate proteins but do not release them . The LCs were synthesized in the presence of dithiothreitol (DTT), which is a fully reversible reducing agent in vivo (Braakman et al., 1992a,b) . This treatment prevents LC oxidation and maximizes the binding of LCs to both wild-type and mutant BiP. Removing the DTT, allows LCs expressed with wild-type BiP to fold and form intradomain disulfide bonds in both domains, whereas those coexpressed with mutant BiP were only capable of oxidizing a single domain (Hendershot et al., 1996) . In spite of the structural similarity between the variable (V) and constant (C) domain of the LC and the prediction of multiple BiP-binding sites per Ig domain, these data argue that only a single LC domain binds to BiP in vivo. This suggests that either the algorithm is not a good detector of BiP-binding sites or that these two domains have different requirements for folding in vivo, and that the simple presence of a BiP-binding sequence does not ensure that it will be used.
In the present study, we confirmed that BiP binds to a single LC domain in vivo and determined which one it is. Then using a combination of in vivo and in vitro BiP-binding and protein-folding assays, we examined the reason for the differential association of BiP with these domains in the ER.
Materials and Methods

Construction of I LC Mutants
Before producing LC cysteine mutants, it was necessary to obtain a cDNA clone of the I LC gene. The pJDE I genomic clone (gWT ) originally obtained from the murine myeloma HOPC 2020 (Bernard et al., 1978) and provided by Dr. Y. Argon (University of Chicago, Chicago, IL) was transiently expressed in COS 1 cells. RNA was isolated (RNAzol B; TelTest) and -specific mRNA was amplified by reverse transcription PCR using (CTGACCAATCTAGAAAAGAATAG) as the 5 Ј primer and (CCTCTGTGGATCCAATGAAGGTT) as a 3 Ј primer. The PCR product was digested with XbaI and BamHI and ligated into the pTZ vector. The entire cDNA clone was sequenced before recloning it into the pSVL eukaryotic expression vector (cWT ) for use in transfection studies.
The variable region cysteines (C 41 and C 109 ) and constant region cysteines (C 156 and C 215 ) responsible for forming the intradomain disulfide bonds were mutated to serine by overlap extension PCR as described (Ho et al., 1989) . The final PCR products were digested with XbaI and BbsI (V mut ) or BbsI and BamHI (C mut ) and inserted into pTZ-cWT in place of the corresponding wild-type sequence. The alterations of the cysteine residues to serine and the absence of other mutations were verified by DNA sequencing before the mutants were subcloned into the pSVL vector.
An ER-targeted constant region domain was created by removing 107 amino acids (Val 22 -Leu 128 ) which encode the variable region of the I LC. Oligonucleotides were designed to give a PCR product that joined the sequence encoding Ala 21 (the second amino acid of the mature variable region) to Gly 129 (the first amino acid of the constant region). The resulting cDNA (ER-C ) encodes a protein with the ER-targeting signal sequence, the first two amino acids of the variable domain (to ensure proper cleavage of the signal sequence after translocation), and the entire constant region domain. The cDNA product was sequenced to verify the deletion and to ensure the constant region was not altered before inserting it into pSVL, a eukaryotic expression vector.
Construction of Recombinant Variable and Constant Domains
For in vitro protein folding studies, individual domains were produced in bacteria and purified using the 6 ϫ histidine tag methodology (QIAGEN). A BamHI site followed by a factor Xa site (Ile-Glu-Gly-Arg) was introduced immediately 5 Ј of the sequence encoding the NH 2 terminus of the mature variable domain (Glu 20 ) or the NH 2 terminus of the constant domain (Gly 129 ). Additionally, a stop codon was inserted at the end of the variable region coding sequence (Leu 128 
Recombinant Protein Isolation
Bacteria transformed with the individual Ig domains were grown to an OD 595 of 0.7 and protein expression was induced for 2 h with 1 mM IPTG. Initial experiments showed that neither construct (particularly the variable domain) gave high yields of soluble protein when the standard isolation protocol was followed . In an attempt to increase the yield of soluble protein, the bacterial pellets were resuspended in 16 ml (5 ml/g of bacteria) of buffer A (0.1 M NaH 2 PO 4 , 0.01 M Hepes, 6 M GdmCl, pH 8) containing 1 mM DTT. The cell lysate was stirred at room temperature for 40 min and then 10 mM 2-mercaptoethanol (2-ME) was added and the sample was stirred for an addition 20 min. The lysate was sonicated and centrifuged at 10,000 rpm. Batch adsorption was performed by adding 1 ml Ni-NTA-agarose (QIAGEN) equilibrated in buffer A containing 10 mM 2-ME to the supernatant. The sample was stirred for 90 min at room temperature and loaded into a polypropylene disposable column. The resin was extensively washed with buffer A containing 2-ME, and the bound protein was allowed to refold on the column through successive washes with the following solutions: (a) buffer B (0.1 M NaH 2 PO 4 , 0.01 M Hepes, 0.5 M NaCl, pH 7.5) containing 3 M GdmCl and 10 mM 2-ME; (b) buffer B containing 1 M GdmCl and 3 mM 2-ME; (c) buffer B containing 0.3 M GdmCl and 1 mM 2-ME; (d) buffer B; (e) buffer B containing 10% (vol/vol) glycerol. Proteins were eluted with 2 ml of buffer B containing 10% glycerol and 250 mM imidazole. The sample was loaded on a 5-ml polyacrylamide desalting column (Pierce) equilibrated with 20 mM Hepes, 300 mM NaCl, 10% glycerol, pH 7.5, to remove the imidazole.
Thermal Unfolding Curves
Thermal unfolding curves were obtained for recombinant BiP and for DTT-reduced C domain and analyzed as described (Vanhove et al., 1995) . The experiments were performed in 20 mM Hepes, pH 7.5, 300 mM NaCl, 10% glycerol, 10 mM DTT. Protein concentrations were 2 M for the C domain and 4 M for BiP, and temperature was increased at a rate of 1 Њ C/ min. Unfolding of the protein was monitored by fluorescence spectroscopy and data are presented as the fraction of native protein remaining at each temperature.
BiP Score Algorithm
Potential BiP-binding sites on the V and C domain were identified by a computer algorithm we developed using the BiP-binding scores determined by Blond-Elguindi et al. (1993) . These scores reflected the probability of finding particular amino acids at specific positions within octomeric peptides that bound to BiP. For each of the 20 amino acids, numerical scores ranging from negative to positive values were assigned based on the likelihood that the amino acid was excluded or included at positions 1-8 in BiP-binding peptides. The LC sequence was analyzed eight amino acids at a time, and the algorithm determined scores associated with each overlapping octomer and reported the values on a position by position basis. This provided an indication of the propensity of the following octomer to interact with BiP.
COS Transfections
For in vivo analysis of BiP binding to the various I LC mutants, COS-1 cells were cotransfected with the various constructs along with cDNAs for either wild-type (WT) hamster BiP (obtained from A.S. Lee, University of Southern California, Los Angeles, CA) or a BiP ATPase mutant created by changing Thr 37 to Gly 37 (G37) (Gaut and Hendershot, 1993; as described previously . In all cases, the transfected cells were analyzed 40 h after transfection, but the constructs and labeling conditions varied for the individual experiments and are detailed in the results section and figure legends. Transfected cells were biosynthetically labeled with [
35 S] Translabel (ICN). For pulse-chase experiments, cells were preincubated in met Ϫ -cys Ϫ labeling media for 45 min before the isotope was added. When labeled proteins were analyzed under nonreducing conditions, cells were washed first with PBS containing 20 mM NEM before lysing. NEM and apyrase were included in the lysing buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 0.5% DOC, and 0.5% NP-40). Labeled lysates were reacted with a polyclonal rabbit anti-rodent BiP antiserum or with a polyclonal goat antimouse antiserum (Southern Biotechnology), and immune complexes were precipitated by binding to protein A-Sepharose beads. Proteins were resolved on SDS-polyacrylamide gels under either reducing or nonreducing conditions and visualized by fluorography using the Amplify reagent (Amersham).
Results
BiP ATPase Mutants Block Folding of Only One LC Domain
Previous studies using a genomic I LC clone suggested that only a single LC domain binds to BiP and is unable to fold in the presence of BiP ATPase mutants (Hendershot et al., 1996) . As a first step toward identifying the domain that BiP binds, we produced a I LC cDNA clone (cWT ) that would serve as a template for producing LC domain mutants. This construct was transiently coexpressed with either wild-type hamster BiP or a BiP ATPase mutant, G37, which binds stably to target proteins in vivo . As was observed with the genomic clone, the cDNA produced a LC that was expressed at high levels and bound to both wild-type and mutant BiP when synthesized under reducing conditions (Fig. 1 ). Subsequent removal of DTT allows the formation of disulfide bonds in both domains, which is dependent on LC folding to bring the intradomain cysteine residues into the correct position (Goto and Hamaguchi, 1981) . This oxidation causes an increase in the mobility of the protein that, unlike protein folding itself, can be monitored on SDS-polyacrylamide gels (Braakman et al., 1992a; Hendershot et al., 1996) . When DTT was removed, the LC expressed with wild-type BiP folded completely and disulfide bonds were formed in both domains (Fig. 1) . When LCs coexpressed with mutant BiP were analyzed similarly, approximately half of the LCs underwent complete folding and oxidation. This is presumably due to the fact that the endogenous wild-type BiP present in these cells competes with the mutant BiP for binding to the reduced LCs (Hendershot et al., 1996) . When DTT is removed, those LC bound to the endogenous BiP are capable of folding completely. The other half of the LC (i.e., those bound to the mutant BiP), underwent partial folding and oxidization as determined by their intermediate mobility. If both domains contained BiP-binding sites that could be used simultaneously, a portion of the LC should have remained completely reduced. Thus, it appears that either a single domain expresses BiP-binding sites or that only a single domain can bind to BiP at a time.
Production of LC Domain Mutants That Lack Cysteine Residues Required for Intrachain Disulfide Bonds
To determine which LC domain was bound to BiP and unable to fold in the presence of BiP mutants, we mutated the cysteine pairs that form the intradomain disulfide bond to serine in each of the domains separately. Both LC mutants were transiently expressed in COS cells and the resultant LC proteins were compared with wild-type LC. On reducing gels, the V and C domain mutants migrated exactly the same as wild-type LC produced from either the genomic (gWT ) or cDNA (cWT ) clone (Fig. 2) . These labeled LCs were also analyzed under nonreducing conditions to determine their oxidation status. During the final 10 min of biosynthetic labeling, DTT was added to a dish transfected with cWT in order to produce a mixture of completely reduced (F 0 ), partially oxidized (F 1 ), and completely oxidized (F ox ) intermediates of LC for comparison. The genomic and cDNA clones of wild-type produced completely oxidized LC that comigrated with the fastest migrating band in the DTT-treated sample (Fig.  2) . Both the V and C domain cysteine mutants migrated with an intermediate mobility (F 1 ), which was expected if one domain folded and formed an intradomain disulfide bond but the other did not. This demonstrated that mutation of the cysteines prevented disulfide bond formation in the targeted domain but did not alter folding and disulfide bond formation in the nonmutated domain. We examined the effects of genetically interrupting disulfide bond formation on secretion of the two LC mutants. Under labeling conditions where the wild-type LC was readily secreted, we observed no secretion of either the V mut or the C mut (Fig. 3) . Thus, disulfide bond formation in both domains is required for LC secretion. All LC possess a COOH-terminal cysteine that remains unpaired in LCs that have not formed homodimers or assem- Neither the V or C domain mutants are transport competent. COS-1 cells were transfected with the cDNA clones for WT, V mut , and C mut . Cells were metabolically labeled for 3 h. Culture supernatants were saved and immunoprecipitated with anti-( m ), and lysates were prepared, divided, and then immunoprecipitated with either anti-followed by protein A-Sepharose () or protein A-Sepharose (P.A.) alone (to control for nonspecific binding). Samples were analyzed on SDS gels under reducing conditions. bled with heavy chains. To determine if a thiol-mediated retention mechanism (Alberini et al., 1990; Fra et al., 1993) was responsible for the lack of secretion, we treated cells with 2-␤ mercaptoethanol. This did not induce the secretion of either LC mutant (data not shown), suggesting that the thiol-mediated retention system (Alberini et al., 1990; Fra et al., 1993) is not solely responsible for keeping these LCs in the cell. If BiP binds to a single LC domain, expression of the BiP ATPase mutant should only further affect oxidation of the LC mutant that had cysteine changes in the non-BiP-binding domain. Conversely, if both domains were capable of binding to BiP but only one BiP molecule could bind to the LC at a time, the mutant BiP should either further prevent the oxidation (i.e., from F 1 to F 0 ) of both LC mutants or have no further effect on either, depending on whether BiP was already associated with the nondisulfide-bonded domains. Either way, BiP mutant expression should affect both domains equally. Wild-type and both mutants were coexpressed with either wild-type or G37 mutant BiP. Transfected cells were pulse labeled with [
Expression of a BiP
35 S]methionine and [
35 S]cysteine in the presence of DTT to inhibit disulfide bond formation and then chased in the absence of DTT to allow the LC domains to fold and form disulfide bonds. As in previous experiments, wild-type LCs were oxidized completely during the 1-h chase when expressed with wild-type BiP, but about half of the LC expressed with mutant BiP failed to be oxidized completely as evidenced by the presence of the F 1 form of the LC (Fig. 4) . There is some variability in the percentage of LC in the F 1 and F ox forms between experiments, which may relate to the relative pool size of transfected mutant BiP and endogenous WT BiP. The V mut migrated with an intermediate mobility (F 1 ) when coexpressed with wild-type BiP. This was anticipated because the V region cannot form a disulfide bond due to mutation of its cysteine residues, and the other domain was shown to fold independently when synthesized in the absence of DTT (Fig. 2) . Coexpression of the BiP ATPase mutant with V mut did not significantly inhibit the LC from forming the F 1 intermediate. When the C mut was analyzed in the same way, we found that in the presence of wild-type BiP, it oxidized to the F 1 intermediate after 1 h of chase, although not as efficiently as either the wild-type LC or the V mut (Fig. 4) . However, when the C mut was coexpressed with the BiP ATPase mutant it was almost completely inhibited in its ability to form the F 1 intermediate indicating that in the absence of BiP release both the V L and C L domain remained unoxidized. This strongly suggests that BiP binds to only a single domain in the LC and that it is the V domain.
There are several other interesting observations in this experiment. First, the wild-type and V mut LC appear to be more resistant to DTT-mediated reduction than the C mut , because in the pulse material (0) a portion of both these LC are partially oxidized (F 1 form). Since the oxidized domain in the V mut can only be the constant region domain, this suggests that the C domain is more resistant to reduction. In keeping with this, when the C domain cannot form disulfide bonds (C mut ), the V domain is readily reduced (i.e., no evidence of a partially oxidized, F 1 form). Thus, although the folded tertiary structure is very similar for both domains, their ability to bind BiP and the susceptibility of their disulfide bonds to reducing agents are not the same. Previous studies have shown that buried disulfide bonds in Ig domains are fairly resistant to reducing agents. Thus, it is reasonable to suggest that during biosynthesis the C domain is folding and burying its disulfide bond so rapidly that a portion of it is resistant to DTT. The second interesting finding is that coexpression of mutant BiP diminished the post-DTT recovery of both wild-type and C mut LC but did not greatly change the amount of V mut LC (Fig.  4) . The significance of this observation is not clear but may relate to the fact that mutant BiP expression would adversely affect the folding of both wild-type and C mut LC by preventing the oxidation of the V domain. However, irre- 
BiP Only Binds to the V domain of the LC In Vivo
The data in the previous experiment strongly suggest that BiP binds to the unoxidized variable region domain but does not associate with the unoxidized constant region domain. To examine this directly, both V mut and C mut LCs were coexpressed with wild-type BiP. Transfected cells were metabolically labeled in the presence of DTT and then chased without DTT. Lysates were immunoprecipitated with antibodies specific for LC and for rodent BiP. Immediately after labeling (0 chase), both the unfolded V mut and C mut LCs were coprecipitated with BiP (Fig. 5) . After a 1-h chase, a portion of the V mut had folded to the F 1 intermediate. Both this intermediate and the completely reduced (F 0 ) form bound to BiP and could be coprecipitated with the anti-BiP antiserum. Interestingly, BiP appeared to bind better to the completely reduced form than to the partially oxidized LC, as suggested by the fact that a larger proportion of the F 0 form was coprecipitated with BiP than the F 1 form. Although we do not understand the reason for this difference, it is possible that if BiP binds to V region sequences that are close to the C domain, folding and oxidation of the C domain could somehow weaken this interaction and make it less stable during immunoprecipitation. Examination of the C mut LC revealed that although half of the LC achieved the F 1 folding intermediate, they did not bind to BiP. Only the completely reduced (F 0 ) form (in which the V domain was also unoxidized) was capable of associating with BiP (Fig. 5) . Thus, BiP only binds to the unoxidized V domain of the full-length LC in vivo.
ER-targeted C Domain Does Not Associate with BiP
It is possible that because the V domain enters the ER first, BiP binds to this domain, and then sterically hinders a second BiP molecule from binding to the C domain as it enters. To examine this possibility, we produced a I constant domain that could be translocated into the ER lumen (ER-C) by engineering the cleavable ER signal sequence from the original full-length LC (Bernard et al., 1978) onto the NH 2 terminus of the C domain. Both full-length wild-type LC and the ER-directed C domain were transiently expressed in COS cells. Metabolic labeling revealed that similar to WT LC, the ER-C was synthesized and secreted from the transfected cells (Fig. 6 A) . This demonstrated that, not only did the signal sequence target this domain to the ER, but that the signal sequence was efficiently cleaved and the isolated C domain was transport competent. Under steady-state labeling, some BiP was coprecipitated with wild-type LC and vice versa. However, when the C domain was analyzed in the same way, there was no evidence of BiP coprecipitating with the C domain or of the C domain coprecipitating with BiP (Fig. 6 A) .
Steady-state labeling is not the most sensitive way to detect BiP association with proteins because the interactions are often transient or unstable. Therefore, we reexamined the ability of the isolated C domain to associate with BiP by coexpressing it with either wild-type or mutant BiP and pulse labeling under reducing conditions to inhibit folding of the domain. Under these conditions, the WT LC was easily detected in association with BiP (Fig. 6 B) . Conversely, even under the most sensitive conditions for demonstrating BiP association with target proteins, there was no detectable evidence for BiP interacting with the ER-C in vivo.
BiP-binding Sites Are Predicted to Occur in Both the V and C Domain of the I LC
Our inability to detect BiP complexed to the C domain by any of the methods described above could mean the C domain does not possess BiP-binding sites. Alternatively, potential BiP-binding sites might be present but the C domain could fold too rapidly and stably, even in the absence of disulfide bond formation, to express them. A BiP-bind- Figure 5 . BiP binds to the unoxidized V domain but not to the unoxidized C domain. COS-1 cells were transfected, labeled, and then lysed as in Fig. 4 . Lysates from both the 0-and 1-h chase were divided and immunoprecipitated with either a polyclonal anti-rodent BiP antiserum or anti-mouse . The WT with partial DTT treatment is include in the middle of the gel as a control. The samples were analyzed under nonreduced conditions. ing site algorithm (Blond-Elguindi et al., 1993) was applied to the I LC. Peptide scores of between six and 10 were previously shown to be good predictors of peptides that were able to stimulate the ATPase activity of BiP and scores of above 10 were considered to be excellent predictors (Knarr et al., 1995) . The relevance of a peptide to stimulate the ATPase activity of BiP is not clear, but it is generally assumed to indicate the ability of a peptide to bind BiP (Flynn et al., 1991; Blond Elguindi et al., 1993; Knarr et al., 1995) . Although the variable domain clearly possesses more peptides with high "BiP scores," numerous peptides scoring above 6 were found in the constant domain (Fig. 7) . Two peptides had BiP scores of above 10 in the constant domain compared with four such sequences in the variable domain. Because we were unable to detect BiP binding to either an isolated constant domain or the cysteine-substituted constant domain in vivo, we must conclude that either the algorithm is not a good predictor of BiP-binding sites, or the constant domain folds so rapidly and stably that BiP does not have the opportunity to interact with it.
Thermal Unfolding of Native and Reduced C Domain
To address these two possibilities, recombinant LC V domain and C domain were produced in bacteria, purified, and then analyzed on reducing SDS gels. The C domain was relatively pure (Fig. 8 A) , but much smaller quantities of the V domain were obtained and our preparations continuously had a major contaminating band (data not shown). The band corresponding to the anticipated size of the C domain was microsequenced to confirm its identity. The C domain migrated as a monomer on nonreducing gels and appeared to have formed the intradomain disulfide bond based on its decreased mobility after DTT treatment (Fig. 8 A) . The contaminating protein in the V domain sample prevented us from using it in thermal unfolding assays, but the C domain was sufficiently pure for this analysis. The intrinsic fluorescence of a protein changes as it unfolds. Thus, a protein's stability can be as- Figure 6 . ER-targeted C domain is efficiently secreted and does not interact with BiP. (A) Cells were transfected with no DNA (Mock), the ER-targeted constant region gene (ER-C), or wildtype cDNA along with wild-type hamster BiP. Transfected cells were labeled for 2 h, culture supernatants were saved, and then lysates were prepared. The supernatants were precipitated with anti-( m ) and the lysates were divided and precipitated with either anti-rodent BiP or anti-. Samples were analyzed on 12% SDS-gels under reducing conditions. (B) COS-1 cells were cotransfected with one of the LC cDNA clones (WT or ER-C) and either wild-type (WT) or mutant (G37) BiP. Cells were pulse-labeled as in Fig. 4 and lysed immediately in the presence of NEM and apyrase. Lysates were divided and immunoprecipitated with anti-mouse , anti-rodent BiP, or protein A-Sepharose alone. Samples were analyzed on 12% SDS-gels under reducing conditions. sessed by monitoring its fluorescence at increasing temperatures. Thermal unfolding curves were generated for the C domain in the presence of 10 mM DTT. This was sufficient to reduce the intradomain disulfide bond, because the recombinant C domain migrated slower after DTT treatment (Fig. 8 A) . The protein exhibited a single, cooperative unfolding transition as the temperature increased (Fig. 8 B) . The melting temperature (T m ) (i.e., the temperature at which 50% of the protein is unfolded) of the C domain under reducing conditions was calculated to be 50.4ЊC. Interestingly, even after reduction, the C domain was still completely folded at 37ЊC and was slightly more stable than the molecular chaperone BiP (T m ϭ 49.2ЊC). This precluded in vitro studies to examine BiP association with an unfolded C domain since we were not able to find conditions where the C domain would be unfolded and the BiP still functional. Unfortunately it was not possible to establish a thermal unfolding curve for the C domain in the absence of DTT, presumably because the COOH-terminal cysteine, which pairs with a cysteine in the Ig heavy chain, contributes to aggregate formation under these experimental conditions (data not shown). Thus, although the exact contribution of the intradomain disulfide bond to the stability of the C domain could not be determined, it is clear that the C domain remains remarkably stable even in the absence of this bond. This may explain the lack of BiP binding to the C domain in vivo, even when LCs are synthesized in the presence of reducing agents.
Discussion
The Ig domain is one of the elementary structures that serve as building blocks for many proteins. Although the sequences of these domains vary between different proteins, most are composed of seven ␤ strands that fold into an antiparallel barrel structure that is stabilized by a single disulfide bond. The data presented here demonstrate that in spite of the strong structural similarities between Ig domains, the involvement of molecular chaperones in their folding in vivo can be quite different. All Ig domains that have been examined thus far possess potential BiP-binding sites, as detected by a BiP-binding algorithm (Knarr et al., 1995) . It should be stressed that there are currently no data to demonstrate that any of these sites can be recognized in an intact protein, nor has an actual in vivo BiPbinding site been mapped on any protein. As a result, there is not a consensus in the field as to what is the best method for identifying potential BiP-binding sites. However, despite some differences in the sequences identified by the various hsp70-binding site algorithms, all of them detect multiple peptides within a given protein that have the potential to bind an hsp70 family member (Flynn et al., 1991; Blond-Elguindi et al., 1993; Takenaka et al., 1995; Rudiger et al., 1997) . From the present study, at least in the case of BiP, it is clear that this does not necessarily mean they will be used in vivo during the folding of the protein. Although the NH 2 -terminal variable domain examined here is clearly bound to BiP before its complete folding and oxidation, we were unable to demonstrate BiP binding to the COOH-terminal constant region domain by any method. This included both the use of reducing agents or mutagenesis of cysteine residues to destabilize domain folding and the expression of BiP ATPase mutants to trap and stabilize complexes. All of these methods readily allowed us to detect BiP bound to the V domain.
Hsp70 family members interact with substrate proteins in an ATP-dependent fashion. In vitro experiments have demonstrated that the ATP-bound form of hsp70 binds proteins more rapidly than the ADP-bound form, but hydrolysis of the bound ATP to ADP is required to stabilize this binding (Bukau and Horwich, 1998) . The G37 BiP mutant used in this study binds ATP as well as wild-type BiP, but it is unable to undergo the appropriate conformation change upon binding to ATP and therefore resembles the ADP-bound form of BiP . Thus, it might be argued that our BiP mutant is less able to complete with endogenous BiP for substrate proteins and therefore would not act as a kinetic trap for the C domain. However, the G37 mutant is able to compete well with endogenous wild-type BiP for binding to the V domain of the LC (this study), the C H 1 domain of the Ig heavy chain (Gaut and Hendershot, 1993) , and factor VIII, a component of the blood coagulation cascade (Morris et al., 1997) . Nevertheless, it is conceivable that BiP has a much lower affinity for the C domain and the mutant BiP drops below a threshold of detectable binding. This would not be a factor in the experiments where reducing agents or cysteine mutants were employed. In this case, there was no evidence that either the endogenous BiP or the transfected wild-type BiP were capable of binding to the unoxidized C domain. So, at the very least, one must conclude that if BiP binds to the C domain it must be at a very reduced affinity Figure 8 . The recombinant C domain folds very stably even in the presence of reducing agents. (A) Recombinant BiP and C domain of LC were isolated and examined for purity and folding status. The C domain was incubated for 1 h at 37ЊC in the presence (ϩ) or absence of DTT and then alkylated with a 10-fold molar excess of NEM. Samples were analyzed by SDS-PAGE under nonreducing conditions. (B) Thermal denaturation curves generated for purified hamster BiP (ᮀ) and for the purified C domain under reducing conditions (᭺). Fraction of native protein remaining was calculated at each temperature.
so that mutant BiP can no longer compete, and this binding must be very transient and not prolonged by preventing the oxidation of the C domain. Clearly this is in contrast to BiP's interaction with the V domain.
Our data suggest that it is not the presence of BiP-binding sites per se that determines whether or not a protein will associate with BiP. Instead it appears that the folding pathway and rate at which folding occurs control whether an individual protein, or region of a protein, will bind to BiP. If the "BiP-binding" sequences are rapidly sequestered within the interior of the newly synthesized protein, they may never be exposed long enough to allow BiP to bind. The resistance of a portion of newly synthesized C domain to reducing agents strongly suggests that this domain folds rapidly, and the thermal stability of the reduced C domain demonstrates that it does not require a disulfide bond to stabilize this folding state. Consistent with this idea, in vitro folding studies on an isolated human C domain revealed that the conformation of the C domain is not greatly affected by reducing agents (Goto and Hamaguchi, 1981) .
In spite of the fact that we were readily able to detect the V domain bound to BiP when it was reduced, we are not sure how much of the wild-type V domain binds to BiP when it is produced and folded under physiological conditions. Although clearly some of it can be trapped with the BiP mutants, we get a much higher proportion binding to BiP when they are synthesized in the presence of reducing agents (Hendershot et al., 1996) , which destabilizes this domain. We interpret this to suggest that instead of BiP playing an active role in folding these proteins, that it may be standing by to "catch" proteins that are either unable or slow to fold and prevent them from aggregating. Thus, only proteins that have difficulties in folding or perhaps multisubunit proteins would require BiP to obtain their mature conformation. This conclusion is consistent with data showing that alterations in the levels of wild-type BiP can change the rate of folding of some proteins (Dorner et al., 1988; Braakman et al., 1991) . Perhaps by greatly increasing the levels of BiP in the ER, low-affinity sites on proteins that are not normally occupied by BiP would be.
It is interesting to speculate on why these two domains might have evolved to have different folding stabilities and chaperone requirements. The variable domains of both Ig heavy and light chains contain the antigen-binding site and as such must accommodate a large variety of amino acid changes to recognize a nearly infinite number of antigens. Thus, the stability or rate of folding of variable regions may vary greatly and in some cases require more help to fold. Recently another LC, the nonsecreted NS-1 LC, was shown to bind to BiP via its unfolded V domain (Skowronek et al., 1998) . Unlike the V domains, the constant domains do not contribute directly to the antigenbinding site and do not vary in sequence within a given isotype. The single constant domain of the LC (C L ) pairs with the first constant domain (C H 1) of the heavy chain, which possesses a stable BiP-binding site (Hendershot et al., 1987) . The LC in some as yet undefined way must displace BiP from the heavy chain so Ig assembly can proceed (Lee, Y.-K., J.W. Brewer, R. Hellman, and L.M. Hendershot, manuscript submitted for publication). Thus, the conserved C domain may have evolved to fold rapidly and stably in order to assist the folding of the C H 1 domain. In support of this role for C L , domain pairing appears to play a role in the folding of some of the other constant domains of the heavy chain (Kaloff and Haas, 1995) .
In conclusion, the studies described here demonstrate that the two structurally similar Ig domains of the I LC behave very differently in respect to their association with BiP during folding even though both domains possess potential BiP-binding sites. The data suggest that the simple presence of BiP-binding sites on a nascent chain does not ensure that BiP will bind and play a role in its folding. Instead, our data support a model in which BiP preferentially recognizes proteins that are slower to fold to a stable conformation.
